An interatomic potential model has been developed for molecular-dynamics simulations of TiO 2 ͑rutile͒ based on the formalism of Streitz and Mintmire ͓J. Adhes. Sci. Technol. 8, 853 ͑1994͔͒, in which atomic charges vary dynamically according to the generalized electronegativity equalization principle. The present model potential reproduces the vibrational density of states, the pressure-dependent static dielectric constants, the melting temperature, and the surface relaxation of the rutile crystal, as well as the cohesive energy, the lattice constants, and the elastic moduli. We find the physical properties of rutile are significantly affected by dynamic charge transfer between Ti and O atoms. The potential allows us to perform atomistic simulations on nanostructured TiO 2 with various kinds of interfaces ͑surfaces, grain boundaries, dislocations, etc.͒.
I. INTRODUCTION
Titanium dioxide is an important ceramic for a variety of current and future industrial applications: ultralarge scale integration ͑ULSI͒ chips, 1 oxygen-gas sensors, 2 and purification of nanopowders 2 using photocatalysis-assisted molecular disintegration, etc.
3 These applications stem from high polarizability and large static dielectric constant 4 ͑ϳ114 for powdered rutile structure͒, as well as high rates of oxidation and reduction reactions of TiO 2 surfaces and interfaces. 2 In the vicinity of interfaces TiO 2 exhibits significant charge fluctuations, which is evident from the nonstoichiometric Ti x O 2xϪ1 ͑with x ranging from 4 to 10͒ in interfacial regions.
Molecular dynamics ͑MDs͒ simulations of TiO 2 systems are particularly challenging because of the sensitivity of the charge transfer among Ti and O atoms to the local environment. Several attempts have been made to carry out atomistic simulations of TiO 2 . None of them take into account variations in atomic charges caused by changes in the local environment around atoms. [5] [6] [7] Catlow et al. 5 have developed a shell-model interatomic potential for the rutile crystal structure of TiO 2 . In this model the valence electrons of each atom form a spherical shell of a fixed radius which is connected to the atomic core by a ''spring.'' Results for elastic moduli and dielectric constant of rutile in the shell model are in good agreement with experiments. Direct application of the shell model to surface or interface systems is, however, difficult since the model does not take into account variations in charge transfer among the atoms.
Recently Streitz and Mintmire 8 proposed a variablecharge interatomic potential for bulk rutile TiO 2 . This potential allows atomic charges to vary dynamically in response to changes in the local environment; charges are determined by setting generalized electronegativities of all the atoms equal to one another. The calculated lattice constant, cohesive energy, and elastic moduli are in reasonable agreement with experimental results. However, results for the dielectric constant ͑⑀ xx ϭ3.5 and ⑀ zz ϭ3.0͒ are an order of magnitude lower than the experimental values ͑see Table II͒ . We have modified the interaction potential of Streitz and Mintmire so that it can correctly describe the dielectric properties while maintaining the good agreement between the calculated and experimental values of the lattice constant, cohesive energy, and elastic moduli of the rutile TiO 2 . Our results for the phonon density-of-states ͑DOS͒ and the pressure dependence of ⑀ xx and ⑀ zz agree well with experimental measurements. Through detailed analyses of the calculated electric-dipole oscillations, we elucidate the characteristic features of the Ti-O bonding that play an important role in reproducing the macroscopic and microscopic quantities with accuracy comparable to those of first-principles calculations. 
II. FORMULATION
The first term in the righthand side of Eq. ͑1͒ represents the atomic energy, which is expanded in terms of q i to second order as
Here i and J i are referred to as the electronegativity and hardness, respectively. [8] [9] [10] [11] They are taken to be free parameters that are determined by optimizing the potential energy. The second term in Eq. ͑1͒ denotes the electrostatic interaction energy 8, 10 12 , ͑3͒
where
is the charge-density distribution around the i-th atom with a ''core'' charge Z i e and a normalized valence-electron density distribution f i . As in the original parameterization 8 we take Z Ti ϭ4, Z O ϭ0, and f i to be a 1s-like function
The third term in Eq. ͑1͒ primarily represents the covalent bonding resulting from hybridization of valence electrons and the steric repulsion between the atomic cores. Following Streitz and Mintmire, 8, 10 we adopt a modified Rydberg form
͑6͒ After substituting Eq. ͑4͒ in Eq. ͑3͒, we follow Streitz and Mintmire and omit terms proportional to Z i Z j , 10 since they are independent of both q i and q j and hence may be regarded as effectively included in V i j c . First-principles calculations 12 have shown that atoms in the vicinity of surfaces move away substantially from the crystalline sites. The Rydberg-like form, Eq. ͑6͒, is too restrictive to take account of this behavior. The last term in Eq. ͑1͒, involving only neighboring Ti and O atoms, is introduced to include the surface relaxation effects when the smallest surface-energy plane ͓i.e., ͑110͔͒ is created. We take it to be of the form
In Eq. ͑8͒ the neighboring Ti-O pairs with distances, R, less than ϳ␥ are used in the denominator on the righthand side.
The numerator of h(R), on the other hand, controls the anharmonic vibrations between Ti-O pairs. Therefore, we choose its functional parameters to adjust the melting temperature of the rutile structure. The effect of g(R) in ⌬V i j TiO on charge transfer between Ti and O atoms will be discussed in Sec. IV. The electrostatic potential, V i j es , is decomposed into the Coulomb term q i q j e 2 /R i j and the residual short-range term V SR,i j es ϵV i j es Ϫq i q j e 2 /R i j . The Coulomb interaction is calculated using the Ewald method 13 and the short-range term is truncated at a cutoff distance R c .
Note the potential, Ṽ SR,i j es , and the corresponding force are continuous at R c . The short-range covalent bonding term, V i j c , in Eq. ͑3͒ is also truncated in the same way as V SR,i j es with the same cutoff distance. The parameters
e ,l i j ,␣ i j ,,w,␥, ,,,͖ in the potential are determined by fitting to experimental and first-principles electronic structure calculations of the lattice constant, cohesive energy, elastic moduli, static dielectric constants, surface energies of low-index planes ͓͑110͒ and ͑100͔͒, melting temperature at ambient pressures, and surface relaxation properties for ͑110͒ of the rutile structure. Atomic charges, q i , are determined dynamically in MD simulations by minimizing E tot with respect to a set ͕q i ͖ under the constraint of charge conservation. Table I lists values of the parameters so determined with R c ϭ9 Å. The melting temperature in Table II 
III. COMPARISON OF VARIOUS QUANTITIES WITH EXPERIMENTAL DATA
The rutile ͑tetragonal͒ structure of TiO 2 is depicted in Fig. 1 : Ti atoms ͑smaller spheres͒ are located at (x,y,z) ϭ(0,0,0) and ͑1/2, 1/2, 1/2͒ in scaled coordinates; O atoms ͑larger spheres͒ are at (u,u,0), (1Ϫu,1Ϫu,0), (1/2Ϫu,1/2 ϩu,1/2), and (1/2ϩu,1/2Ϫu,1/2). The calculated results for the lattice constants a, c, and u at aero pressure agree well with the experimental values, 14 see Table II . In bulk rutile the equilibrium atomic charge number for Ti is q Ti ϭ2.43, which compares favorably with the value ͑2.6͒ obtained by fitting experimental phonon-dispersion relations. 15 In the tight-binding calculation 16 Table II . Results for elastic moduli are also given in Table II . 18 Their accuracy is comparable to that of those calculated with the StreitzMintmire potentials ͑see Table III In the theoretical calculations for DOS, we took a system consisting of N Ti ϩN O ϭ672 atoms under the periodic boundary conditions. We then executed the MD simulations at Tϭ100 K to calculate the velocity-autocorrelation functions or diagonalized the dynamical matrix for the ground state at Tϭ0 K to obtain the phonon modes.
Static dielectric constants of TiO 2 in the rutile structure are determined through the fluctuation-dissipation theorem
where M ជ is the electric-dipole moment, V is the volume, and T is the temperature ͑k B is the Boltzmann constant͒ of the system. Equation ͑11͒ is valid in the presence of periodic boundary conditions. 19 We consider a periodically repeated Ti 2 O 4 unit ͑see Fig. 1͒ , obtain its 15 independent oscillatory modes, and then calculate M ជ . Using the law of equipartition for thermal equilibrium among those modes, we compute ⑀ xx ͑along the a axis͒ and ⑀ zz ͑along the c axis͒ using Eq. ͑11͒. Such a calculation yields ⑀ xx ϭ91.8 and ⑀ zz ϭ195.9 at P ϭ0. These results are in close agreement with the experimental values 20, 21 of ⑀ xx ϭ86 and ⑀ zz ϭ170 at room temperatures. Note that ⑀ J is independent of T in the classical harmonic approximation. We can also neglect the electronic polarization effects, since the high-frequency dielectric constants ͑⑀ xx ϱ ϭ6.8 and ⑀ zz ϱ ϭ8.4, Ref. 15͒ are much smaller than their static counterparts ͑⑀ xx ϭ86 and ⑀ zz ϭ170͒. In fact, there is no intra-atom contribution to M ជ in the present formulation. We have also investigated the pressure dependence of ⑀ xx and ⑀ zz . We find (⑀ xx ,⑀ zz )ϭ(90.2,189.9) at Pϭ0.2 GPa and (⑀ xx ,⑀ zz )ϭ(88.6,183.9) at Pϭ0.4 GPa. Such a linear decrease in ⑀ xx and ⑀ zz with pressure has been observed experimentally. 21 The calculated slopes, d ln ⑀ xx /dP ϭϪ0. Figure 3 shows the atomic positions on the surface, and the axes u, v, and w along ͓1 10͔, ͓001͔, and ͓110͔ directions, respectively. The slab contains five Ti layers perpendicular to the w direction. Subsequently the lowest total-energy configuration is obtained with the conjugate-gradient method. Displacement vector (⌬u,⌬v,⌬w) of each atom due to surface relaxation is given in Table III along with the results of the firstprinciples calculation. 12 Our results for the deviation in the atomic charge from the bulk value, ⌬q i ϭq i Ϫq i (bulk), and the corresponding values from the tight-binding calculation 16 are also listed in Table III . The calculated surface energies are found to be 39 and 41 meV/Å 2 while first-principles calculation 12 yield 55 and 70 meV/Å 2 for ͑110͒ and ͑100͒ surfaces, respectively.
To test the transferability of our interaction potential, we have investigated the properties of the anatase 2,4 phase of TiO 2 . Anatase also has a tetragonal crystal symmetry, but it is a metastable state relative to the rutile structure. We have calculated the ground-state energy of anatase and find it to be larger than that of rutile. The resulting energy difference, 0.09 eV per Ti atom, compares favorably with the heat of formation, 22 0.068 eV per Ti atom. The lattice constants at zero temperature are determined to be aϭbϭ3.85(3.79) Å and cϭ8.78(9.51) Å where the numbers in the parentheses are the corresponding experimental values; 2 the density has an error of 4%. We have also calculated the dielectric constants along the a and c axes and the values are ⑀ xx ϭ38.1 and ⑀ zz ϭ61.6, respectively. The experimental value of ⑀ for a powder sample of anatase is 48, which is much lower than ⑀ϭ114 for rutile. Averaging our values for anatase over the principal directions yields ⑀ϭ(2ϫ38.1ϩ61.6)/3Ϸ46. This is in excellent agreement with the experimental value. These results for the anatase phase give us confidence in the transferability of our interaction potential for TiO 2 .
IV. DISCUSSION
We have significantly improved the interaction scheme of Streitz and Mintmire by adding a term ⌬V i j TiO ͓Eq. ͑7͔͒ to the total potential energy formula ͓Eq. ͑1͔͒. As a result, the calculated anisotropic static dielectric constants, melting temperature, and surface relaxations are in good agreement with experimental results. The term ⌬V i j TiO tends to suppress the imbalance in q o between neighboring O's. Without this term, the stable crystal structure has a symmetry lower than that of P4 2 /mnm ͑rutile structure͒.
